We present measurements of the projected stellar rotation velocities (v sin i) of a sample of 45 candidate field horizontal-branch (HB) stars spanning a wide range of effective temperature, from red HB stars with T eff ≃ 5000 K to blue HB stars with T eff of 17000 K. Among the cooler blue HB stars (T eff = 7500-11500 K), we confirm prior studies showing that although a majority of stars rotate at v sin i < 15 km s −1 , there exists a subset of "fast rotators" with v sin i as high as 30-35 km s −1 . All but one of the red HB stars in our sample have v sin i < 10 km s −1 , and no analogous rotation bimodality is evident. We also identify a narrow-lined hot star (T eff ≃ 16000 K) with enhanced photospheric metal abundances and helium depletion, similar to the abundance patterns found among hot BHB stars in globular clusters, and four other stars that may also belong in this category. We discuss details of the spectral line fitting procedure that we use to deduce v sin i, and explore how measurements of field HB star rotation may shed light on the issue of HB star rotation in globular clusters.
Introduction and motivation
The horizontal branch (HB) stars found in globular clusters exhibit a variety of photometric and spectroscopic characteristics which are not well explained by canonical models of stellar evolution. The relative number of red horizontal-branch (RHB) versus blue horizontalbranch (BHB) stars in a particular cluster is primarily a function of the cluster's metallicity, but sometimes two clusters with identical metallicities have very different HB color distributions, and it has proven difficult to conclusively identify the "second parameters" responsible for such differences (Fusi Pecci & Bellazzini 1998) . Furthermore, many clusters show one or more "gaps" in the distribution of stars along their HB loci (Sosin et al. 1997; Ferraro et al. 1998) , and regions where the stars are "overluminous" compared to models (Grundahl et al. 1999) . Detailed spectroscopic observations of individual HB stars reveal additional peculiarities. The "overluminous" BHB stars are also found to have anomalously low surface gravities (Moehler et al. 1995) , and photospheric abundance analyses of many of these same stars indicate enormous metal enhancements and helium depletion (Glaspey et al. 1989; Moehler et al. 1999; Behr et al. 1999) . But perhaps the most perplexing characteristic of HB stars is the wide range of stellar rotation velocities that they exhibit.
The first comprehensive survey of globular cluster HB star rotation velocities was undertaken by Peterson and collaborators, and described in Peterson (1983 Peterson ( , 1985a and Peterson et al. (1995) . In the five clusters studied, most of the blue HB stars had rotation velocities of 15 to 20 km s −1 , but they found that about a third of the stars in cluster M13 were rotating twice as fast, with v sin i as high as 40 km s −1 . Such fast rotation is difficult to explain, given that these HB stars evolved from G-type main sequence stars, which are expected to have lost most of their primordial angular momentum to stellar winds during their main sequence lifetime. According to estimates by Sills & Pinsonneault (2000) , the fastest observed rotation rates require complicated redistribution of angular momentum within the star as it evolves up the red giant branch (RGB), or addition of angular momentum from some external source, assuming that the main-sequence progenitors have v rot < 4 km s −1 . Following the observational work of Peterson and collaborators, more fast-rotating BHB stars were subsequently found in several other globular clusters by Cohen & McCarthy (1997) , Behr et al. (2000b) , and Recio-Blanco et al. (2002) . Of the 11 clusters measured to date, 5 have significant subpopulations of fast-rotating BHB stars, while the other have only the "normal" slow rotators.
Several different possible explanations for this anomalously fast rotation have been suggested. Angular momentum from a star's formation might be stored in a rapidly-rotating core Peterson 1983; Pinsonneault et al. 1991) , which gradually couples to the envelope only after the star reaches the HB. Tidal interactions with binary companions or absorption of Jovian planets in close orbits Soker & Harpaz 2000; Livio & Soker 2002; Carney et al. 2003) are other potential sources of "excess" angular momentum. An apparent correlation between high central cluster density and large populations of hotter BHB and EHB (extreme horizontal-branch) stars (Fusi Pecci et al. 1993; Buonanno et al. 1997; Testa et al. 2001) suggests that cluster dynamics can directly influence the evolution of individual cluster stars, perhaps by imparting more internal angular momentum to stars that form in denser environments (Buonanno et al. 1985) , so that the helium flash is delayed, and they lose more mass at the tip of the RGB and end up further to the blue end of the HB (Mengel & Gross 1976) . Under this latter scenario, we would expect higher-density clusters with blue tails to have more fast-rotating stars. The existing BHB rotation data does not support this connection -fast HB rotation is seen in the low-density cluster M68, and no fast-rotating BHB stars are found in NGC 2808, a cluster with a long blue tail -but some indirect influence is still a possibility.
One way to test these hypotheses regarding the role of the dynamical environment of clusters is to study the analogous field horizontal-branch (FHB) stars found in the metalpoor Galactic halo and thick disk, where the stellar density and the likelihood of close stellar encounters are considerably lower. If the rotation characteristics of the cluster BHB stars are somehow due to the dynamical environment of the cluster, then the field BHB stars should show a different distribution of rotation velocities. Candidate field BHB and RHB stars can be identified on the basis of their color, luminosity, and high proper motion, and those that are bright enough can then be observed at high spectral resolution in order to confirm that their gravities, metallicities, and rotation rates are those of old, evolved stars.
Measurements of stellar rotation among the field HB population have already been undertaken by several research groups. The first indication that some blue HB stars have unexpectedly high rotation rates came from Peterson et al. (1983) , who presented v sin i measurements of eight metal-poor field HB stars, as derived from synthesis fitting and Fouriernull analyses of the spectral profiles of metal absorption lines. Two of their eight stars had v sin i values exceeding 30 km s −1 , much like the fast rotators in globular clusters. Kinman et al. (2000) undertook a comprehensive study of known BHB stars, with a particular emphasis on chemical abundances, but also calculated approximate rotation velocities using Gaussian and synthesis fits to the strong Mg ii 4481 absorption line, finding a similar distribution of v sin i values as previously reported. Only a few hot subdwarf B (sdB) stars, the field analogs of the hottest "extreme HB" stars in globular clusters, have been observed with sufficient detail to determine rotational velocities (Brassard et al. 2001; Rauch & Werner 2003) , and the intermediate-temperature BHB stars (10000-15000 K) have been largely neglected because of the difficulties of distinguishing them from main-sequence A and B stars. At the cool end of the HB, Carney et al. (2003) present v sin i values for field RHB stars, as determined from spectral cross-correlation with synthetic template spectra. They found that most RHB stars rotate more slowly than the BHB stars, with v sin i < 10 km s −1 , but also uncovered hints of a bimodal distribution of v sin i, as a few stars appeared to have somewhat higher v sin i.
This paper describes the results of an observational program intended to refine and extend the existing rotation measurements of field HB stars. We re-observed many of the stars analyzed in prior studies, so that a consistent measurement procedure could be applied to the whole sample. We also observed a number of other field stars which were considered HB candidates according to photometric criteria, in an attempt to expand the size of the field HB sample and its extent in parameter space. Section 2 details the selection of targets, the observations, and the spectral reduction pathway. Section 3 describes our analysis procedure, which uses photometric and spectroscopic data to determine stars' temperatures, gravities, microturbulence and rotation velocities, and chemical abundances. The results of these analyses are presented in Section 4, and in Section 5 we evaluate the accuracy of the rotational broadening measurements. In Section 6, we look for correlations between v sin i and other stellar parameters. Section 7 briefly discusses the non-HB stars that turn up in our survey, and Section 8 summarizes the results of this study.
Target selection, observations, and spectral reduction
The BHB targets for this program were selected from a variety of sources. We included all of the "confirmed" BHB stars previously observed at high spectral resolution by Peterson et al. (1983) , Adelman & Hill (1987) , and Kinman et al. (2000) , except for those that were too faint (V > 11) or located too far south. To expand the sample, we also selected candidate BHB targets from the high-latitude blue star lists of Newell (1973) and Newell & Graham (1976) , the FHB surveys of Philip (1984) , Kinman et al. (1994) , Gray et al. (1996) , and Wilhelm et al. (1999) , and the kinematic surveys of Beers & Sommer-Larsen (1995) and Beers et al. (2000) . We expected that the target lists from Newell, in particular, would yield many authentic BHB stars, in light of the photometric "gaps" that appear in their color-color diagrams, which seemed likely analogs to the gaps that appear in the HB color distributions of many globular clusters. We deliberately included several stars which had previously been ruled out as true HB stars, or were likely to be main-sequence A-star "contaminants", in order to test our discrimination protocols and confirm prior identifications.
Candidate RHB stars were drawn primarily from the extensive RHB abundance studies of Tautvaisiene (1997) and Tautvaisiene et al. (2001) , with a few additional targets from Straizys et al. (1981) . We specifically tried to avoid RR Lyrae stars -HB stars lying in the instability strip between 6000 and 7500 K -as their variability would significantly complicate both the measurement and the interpretation of their rotation velocities. (A handful of the warmer RHB and cooler BHB candidates were subsequently found to have effective temperatures which put them within the instability strip, and were thus excluded from the rotation analysis, even if they were not specifically known to be variable.) We were also concerned about confusion among cool RHB stars, first-ascent RGB stars, and pre-AGB stars evolving redwards towards their second giant-branch ascent; identification of such potential contaminants is addressed later.
We must emphasize that because the target list for this study was drawn from so many different sources, it cannot be considered a complete (or even generally representative) sample. Each literature reference and catalog introduces its own influences, including biases towards higher proper motion, brighter absolute magnitudes, redder or bluer photometric colors, and such. Our final target list contains an indeterminate mixture of thin disk, thick disk, and halo populations, with different metallicity ranges, kinematic properties, and evolutionary types chosen according to different criteria, so no conclusions should be drawn regarding e.g. the relative numbers of stars in different evolutionary stages, or the field HB color morphology.
Most of the observations for this project were made using the Cassegrain Echelle Spectrograph (McCarthy et al. 1993 ) on the McDonald Observatory 2.1-meter Otto Struve Telescope. This instrument provides a nominal resolving power of R ≃ 60000 over a wavelength range of 1000 to 1500Å, depending on the central wavelength. Observations took place between April 1997 and March 2002, with many stars observed on multiple occasions in order to evaluate the precision of the subsequent analysis. We should note that these multiple observations are not suitable for looking for radial velocity variations among these starsalthough stable over short timescales, the spectrograph can be subject to thermal variations over the course of each night, and from night to night, resulting in spectral shifts of a few km s −1 . Binary star studies using this instrument usually take wavelength calibration exposures before and after every stellar exposure to avoid this potential problem, but as detection of stellar binarity was not a goal of this project, we chose not to incur the additional overhead this protocol would have required.
A handful of fainter stars (V > 10) were observed with the HIRES spectrograph (Vogt et al. 1994) on the Keck I telescope atop Mauna Kea, taking advantage of "spare" time during deep twilight. With the C1 slit decker, these spectra had R = 45000, with a much wider spectral coverage of ∼ 2500Å. Table 1 summarizes the observations of target stars for this program, with dates and wavelength coverage of individual observations. For the McDonald Cassegrain Echelle (CE), three wavelength settings were used: "blue" covers 4180-4630Å, "mid" covers 4750-5490Å, and "red" covers 5460-6800Å. HIRES was usually set to span a "blue" range of 3890-5360Å, but a few observations were made with a "red" range of 5380-7830Å. The S/N ratios (per pixel, not per resolution element) were computed from the reduced spectra by heavily smoothing the spectral regions identified as continuum, and then computing the rms deviation between the observed spectrum and the smoothed spectrum. To reduce the spectral images to arrays of one-dimensional spectra, we employed a suite of routines developed by McCarthy (1990) for the FIGARO data analysis package (Shortridge 1993) . CCD frames were first bias-subtracted, using the overscan region from each frame. A master normalized flatfield frame was constructed from several different exposures of the spectrograph's internal incandescent lamps, median-filtered to remove cosmic ray hits, and appropriately weighted to provide uniform response from order to order. Cosmic ray hits on the data frames were identified and removed by hand. Each spectral order was traced by a 10th-order polynomial, and the spectrum extracted via direct pixel summation. Sky continuum and scattered light were extracted from windows immediately above and below the stellar trace. Both spectrographs use an internal thorium-argon arc lamp for wavelength calibration, and residuals on the polynomial fit for the wavelength solution for each order averaged 10 mÅ or less. The thorium-argon spectra were also used to construct an instrumental broadening profile for each night of observations. We normalized each order to unity by fitting a 6th-to 8th-order polynomial to likely continuum regions, as selected by eye.
(Additional adjustments to the continuum are made later, during spectral synthesis comparisons, using spectral regions that are clearly line-free in the synthetic spectra.) We did not merge separate spectral orders or multiple observations of the same star, as our analysis codes are designed to handle multiple instances of the same spectral feature. Representative spectral regions from five different target stars are shown in Figure 1 to illustrate the appearance of the final spectra.
Photometric and spectroscopic analysis
For each of our target stars, we wish to determine several photospheric parameters. Effective temperature T eff , surface gravity log g, and metallicity [Fe/H] can be used to deduce the star's evolutionary status, and verify that it belongs to the HB, and not the RGB, the asymptotic giant branch (AGB), or the main sequence (MS). The magnitude of the microturbulence velocity ξ must also be determined in order to calculate detailed chemical abundances log ǫ for each atomic species, both for the overall metallicity of the star, and to look for abundance peculiarities of interest. We employed a combination of photometric and spectroscopic techniques to constrain T eff and log g, and then used spectral synthesis techniques to iteratively solve for ξ, v sin i, and log ǫ.
Photometric colors were drawn from the literature, using the SIMBAD database and the General Catalogue of Photometric Data (Mermilliod, Mermilliod, & Hauck 1997) . Nearly all of the target stars had B − V and U − B colors, from which we computed the reddeningfree parameter Q = (U − B) − 0.72(B − V ). A majority of the stars had also been Hauck & Mermilliod (1998) provided most of these Strömgren data, with supplementary observations of hot subdwarfs from Moehler et al. (1990) , Wesemael et al. (1992) , and Mooney et al. (2000) . (We note that the Strömgren colors listed by Simbad for the star PHL 3275 appear to be erroneously duplicated from a cooler nearby star.) About 20% of the stars also had Geneva photometry available, primarily from Rufener (1976) , which we converted into reddening-free Geneva indices X and Y (Cramer 1984) . For a handful of stars, no photometric data could be found in the literature, so we relied exclusively on the spectroscopic techniques described below.
We compared these observed photometric colors to synthetic colors derived from grids of ATLAS9 model atmospheres (Kurucz 1993 (Kurucz , 2003 . We initially assumed a metallicity of [Fe/H]= −1.0 for each star, and interpolated synthetic colors for each color index over a grid of T eff and log g values. At each point in the (T eff , log g) plane, we calculated a quality-ofagreement parameter z (in essence, a χ 2 measure with one degree of freedom) by comparing the synthetic photometric color C syn and the observed color C obs ± σ(C obs ) :
(1) such that z = 0 where C syn and C obs are in perfect agreement, z = 1 where C syn = C obs ± 1σ, and z ≫ 1 as C syn and C obs differ significantly. Thus, each observed photometric color defines a different zone or swath across the (T eff , log g) plane within which the synthetic and observed colors agree. If all the different zones converge on a single small region, this indicates a likely photometric solution for the star's temperature and gravity. Figure 2 illustrates this approach, with the z-maps for six different color indices for one star plotted with greyscales and contours. The z values at each map point are added quadratically and then normalized to yield a "summation" map, which shows the values and error intervals over which T eff and log g yield the best photometric agreement.
This approach is potentially subject to several sources of systematic error. Most photometric color indices are sensitive to the photospheric metal abundance, so our initial assumption of [Fe/H]= −1 may result in errors of several hundred K in T eff and 0.5 dex or more in log g if the star has a significantly different metallicity. The crude preliminary T eff / log g solution is still adequate, however, for an initial chemical abundance analysis, which we use to update the adopted metallicity for the subsequent iteration, so this error source is swiftly minimized. Interstellar reddening and extinction can also complicate the interpretation of photometric colors, but by using reddening-free color indices like Q, [c 1 ], and [m 1 ], we are able to avoid this issue. Probably the largest potential pitfall in this photometric z-map technique is the influence of systematic errors in the synthetic photometry. Even the most advanced model atmosphere models are not perfect, and resulting grids of synthetic photometry may require "tweaking" to bring them into agreement with standard stars of "known" T eff and log g, as described by Moon & Dworetsky (1985) . We have applied no such adjustments or corrections to the Kurucz synthetic color data used in our analysis, so the photometrically-derived parameters may suffer from small systematic offsets. For most of our stars, however, we find that the T eff and log g derived from photometry agree well with the T eff and log g constraints placed by spectroscopic analysis, as described below.
Absolute magnitudes for the target stars would have permitted us to further constrain log g, as was done for globular cluster BHB stars by Behr (2003) , but many of our field star targets are too far away to have accurate geometric parallaxes from Hipparcos or groundbased measurements, so this approach was not used.
For analysis of the stellar spectra, we employed the LINFOR spectral synthesis code (Lemke 1997 ), along with model atmospheres computed with ATLAS9, and atomic parameters drawn from the linelist compilation of Hirata & Horaguchi (1994) . (In a few cases, the log gf values from Hirata yielded wildly discordant results for lines of the same species, so we used log gf values from the VALD database (Piskunov et al. 1995; Kupka et al. 1999) instead.) Instead of measuring the equivalent width of each metal absorption line in a spectrum, and deriving chemical abundances from those numbers, we directly compare an observed spectrum to a series of synthetic spectra, varying one or more synthesis parameters at a time in order to find an optimum fit between theory and observation.
Solving for abundances (log ǫ) for each relevant chemical species is relatively straightforward. For each species, we scan through a range of values of log ǫ, calculating a synthetic spectrum for each of the lines of that species, convolving them by the empirically-determined instrumental profile, mapping to the wavelength bins of the observed spectrum, and calculating the rms deviation between the observed and synthetic line spectra. The minimum point in the rms curve indicates the best-fit value of log ǫ, and a 1σ confidence interval for the species abundance is delineated by the values of log ǫ for which the rms increases by an amount corresponding to χ 2 = χ 2 min + 1. This quality-of-fit curve is most conveniently represented by a quantity
which is analogous to the z defined for the photometric analysis above, such that z = 0 at the best-fit value of log ǫ, and the values where z = 1 represent the 1σ confidence interval.
The radial velocity v r is determined in a similar fashion, by stepping through a sequence of values for v r , and comparing the Doppler-shifted synthetic spectrum to the observed spectrum. The minimum in the z curve marks the best-fit value of v r , with error bars set by the points where z = 1. If a star is observed multiple times, we compute a separate v r for each observation, since the rotation and orbital motion of the Earth will induce a v r offset that varies from observation to observation. These values for observed telescope-centric v r are later shifted to the heliocentric reference frame.
To solve for ξ or v sin i, we must take a two-dimensional slice through the multidimensional parameter space. The program adopts a value for ξ, and then adjusts log ǫ for each species to find the optimum fit for all the lines of that species. If the selected value of ξ is close to the true value, then each of the spectral lines of a species will achieve a good fit at nearly the same log ǫ, and the total rms deviation between observation and theory will be small. If, however, ξ is too small or too large, then the weak lines and strong lines of a species will attain their best fits at different values of log ǫ, and the total rms for that ensemble of lines will not reach as small a minimum value. Thus, as the program scans through a range of values for ξ, with log ǫ as free parameters, we can determine the value of ξ that gives the best global rms, and define a confidence interval for ξ over which χ 2 < χ 2 min + 1. This approach serves a similar purpose as the common technique of adjusting ξ such that the log ǫ values derived from measured equivalent widths of multiple lines of the same species show no slope or trend when plotted as a function of equivalent width.
Once we have calculated a value for the microturbulent velocity, we adopt the same value for the macroturbulence parameter, since our spectra do not have sufficient resolution to disentangle the line broadening due to macroturbulence from that of the star's rotation. It is a gross oversimplification to assume that the velocity fields in a stellar atmosphere are the same at both small and large length scales, but this procedure does reflect the expectation that the stable radiative atmospheres of the hotter stars should have ξ = v macro ≃ 0 km s −1 , while ξ > 0 km s −1 and v macro > 0 for the convective envelopes of the cooler stars.
To solve for v sin i, we do a similar sort of two-dimensional scan as for ξ. Values of v sin i that are too large or too small will result in mismatches between the synthetic and observed line profile shapes, and thus larger rms values, even when log ǫ is permitted to vary as a free parameter. Figure 3 shows the quality-of-fit curves from scans of ξ and v sin i from a representative spectral analysis. Line profiles with v sin i < 4 km s −1 are clearly excluded by the spectral fitting, showing how we can measure rotation velocities which are comparable, or even smaller, than the velocity resolution of the spectrograph. Potential systematic effects in determining v sin i are discussed in Section 5 below.
This process can be extended to three dimensions in order to constrain T eff and log g. If we adopt the correct temperature and gravity for our analysis, then all the lines of a given species will reach a good fit at (or near) the same value of log ǫ, and we will compute a small value for the total rms. The different spectral lines of a species, with different excitation potentials χ, will often respond differently to changes in T eff and log g, however, so if we use incorrect values for T eff and log g, we will not be able to get as good a fit, no matter how we vary log ǫ. Thus we can search through the 2-dimensional temperature vs. gravity plane, and at each (T eff , log g) point, let log ǫ vary to find the minimum local rms. Once the entire plane (within user-defined boundaries) has been well-sampled, the global minimum value of the rms can be used to calculate z at each point. Plotting z as a function of T eff and log g, we can create a map of likely solution zones, similar to the maps derived from photometry, as shown in Figure 4 . The close agreement among the maps from several different species provides an indication that the solution is robust, and that none of the single-species synthesis maps have been unduly influenced by incorrect values for individual lines' log gf values or other atomic transition parameters.
Additional limits on temperature and gravity can be set by using iron ionization equilibrium, i.e. assuming that log ǫ(Fe i) should equal log ǫ(Fe ii). In practice, we must modify this assumption slightly to account for discrepancies between our models and the actual stellar photospheres. Our version of LINFOR spectral synthesis code assumes full local thermodynamic equilibrium (LTE) for computing ionization populations, but the photospheres of metal-poor stars are subject to various non-LTE effects, such as "overionization" of neutral species by the UV radiation field. In order to account for this limitation in the models, we assume a non-LTE offset, ∆ log ǫ nLTE = log ǫ LTE (II) − log ǫ LTE (I), which is primarily a function of metallicity. We use ∆ log ǫ nLTE = −0.1 × [Fe ii/H], as estimated from Figure 9 of Thévenin & Idiart (1999) . Such a simple relation is undoubtedly an oversimplification, as the atomic level populations also depend upon temperature, pressure, and many additional details of atmospheric structure and radiative transfer, but this crude non-LTE adjustment is sufficient to determine whether a particular choice of (T eff , log g) is reasonable. (In contrast, Kinman et al. (2000) find a mean offset [Fe i/H] − [Fe ii/H] = 0.01 ± 0.01 for their BHB sample, so ∆ log ǫ nLTE = 0 might be a better choice for these stars.) We scan through the (T eff , log g) plane, computing log ǫ for both neutral and singly-ionized iron, and calculating yet another version of the quality-of-fit parameter
which is defined so that z = 0 when log ǫ(Fe i) and log ǫ(Fe ii) differ by the predicted non-LTE offset. Figure 4 includes the z-map for iron ionization in the lower left panel, which illustrates reasonable (but not perfect) agreement with the single-species T eff vs log g maps.
All of the individual photometric z-maps for a particular star are merged into one, as illustrated in Figure 2 , and all individual single-species synthesis z-maps are similarly combined, adding the rms values in quadrature and recalculating z with the new minimum composite rms. The z-map from ionization equilibrium is considered separately, as a third independent constraint. Then the three "master maps" are added together, so that the photometric, ionization, and single-species synthesis constraints are each weighted equally in deriving the composite solution for T eff and log g. For stars where one or more of these maps cannot be calculated (no photometric colors in the literature, or too few metal lines to provide meaningful synthesis constraints), the other maps usually provide sufficient information to reach a solution for T eff and log g.
Because many of the parameters that we are trying to determine are strongly interdependent, we must iterate until the derived values converge -solving first for v r and v sin i, then determining T eff and log g, and lastly calculating ξ and log ǫ for all species present, before recomputing the line list, re-fitting the continuum, and starting the process again. In practice, three or four iterations are usually required for all photospheric parameters to stabilize to within 5%, at which point we declare the analysis to be complete.
Photospheric analysis results and stellar classification
Table 2 presents the final photometric parameter solutions for our target stars, based on the photometric and spectroscopic analysis described in the previous section. Only the formal random errors from the analysis are quoted for each parameter, and no attempt has been made to quantify the systematic errors in T eff , log g, or ξ, or to determine the additional uncertainty in the chemical abundances due to such errors in temperature, gravity, or microturbulence. In those cases where we could not determine ξ (too few lines, or lines too broad), we set ξ = 2.0 ± 1.0 km s −1 . The values for [Fe/H] and [Mg/H] (computed using the solar log ǫ values of Grevesse & Sauval (1998) ) are listed primarily to aid in the identification of each star's evolutionary status, and should not be considered to be competitive with careful and detailed abundance analyses such as those reported by Kinman et al. (2000) . The solutions for the hot and fast-rotating stars should be regarded with particular skepticism, as the spectral continuum level is poorly defined across broad absorption lines. For one hot star, PG1530+212, we were unable to determine T eff and log g with any available techniques, so we adopted T eff = 15000 K and log g = 4.0 in order to proceed with spectral line fitting and v sin i measurement. The (T eff , log g) values for the target stars are plotted in Figure 5 , in the form of an H-R diagram. Each star's position on the diagram can be compared with model tracks and loci (Dorman et al. 1993; Yi et al. 2003) in order to determine its evolutionary state. Some types of stars, such as the cooler BHB stars (7500-10000 K) and the subgiant branch (SGB) stars, are cleanly defined in this parameter space. In other cases, however, different stellar types occupy overlapping regions of the diagram, and it is more challenging to determine which population a specific star belongs to. Hot BHB stars and main-sequence B stars are difficult to disentangle on the basis of T eff and log g alone (particularly since the error bars are large), so in categorizing each of these stars, we consider other measured parameters, such as the abundance pattern (Population I, Population II, or metal-enhanced like hot globular cluster BHB stars) and the radial velocity (suggesting disk or halo kinematics). The RGB and the cool end of the RHB are also very close, so stellar metallicity had to be considered in these cases as well, to make sure we were comparing each star to the relevant model tracks. Our decisions regarding the nature of each target star are listed in Table 2 , and represented by different plot symbols in Figure 5 .
Several of our classification choices deserve further discussion. Four of the hotter stars, with T eff ≃ 15000 K, appear to be HB objects on the basis of their small v sin i and peculiar abundance patterns. PG 0823+499 and BD+30 2431 (aka Feige 86, see also Bonifacio et al. (1995) ) both have projected rotations smaller than 10 km s −1 , while BD+49 2137 and HD 213781 have v sin i ≃ 33 km s −1 . All four stars appear to have iron abundances near solar, somewhat lower magnesium and silicon abundances, and strong phosphorus enhancements, as listed in Table 3 . Helium is depleted in BD+30 2431, BD+49 2137, and HD 213781. Similar patterns are observed among hotter BHB stars in globular clusters (Glaspey et al. 1989; Behr et al. 1999; Moehler et al. 1999) , and are explained as the result of chemical diffusionradiative levitation of most metal species, and gravitational settling of helium -in a stable, non-convective stellar atmosphere. If the same mechanism is at work in these field stars, then the magnesium abundance is the best measure of each star's original metallicity, as the magnesium abundances in the globular cluster stars are found to correspond to the canonical cluster metallicities even when iron, phosphorus, and most other metals are strongly enhanced. We note that BD+49 2137 and HD 213781 rotate considerably faster than any of the metal-enhanced cluster stars, so if we can confirm that their surface abundances are due to diffusion processes, this will place useful constraints on the influence of rotation-induced mixing.
As an additional test of the nature of these four stars, we calculate their Galactic space motions. Absolute magnitudes M V are estimated from the V -band fluxes extracted from the model atmosphere spectral energy distributions, and a distance is computed by comparing the absolute and apparent magnitudes. Proper motion components µ α and µ δ are available in the Hipparcos/Tycho database for BD+30 2431, BD+49 2137, and HD 213781, while for PG 0823+499, we made a crude estimate of proper motion by comparing images from the first and second Palomar Sky Surveys. These data were then converted into space motion components (U, V, W ) using a Fortran code based on Johnson & Soderblom (1987) , kindly provided by D. Yong. (These values are computed relative to the local standard of rest, with positive U values denoting motion towards the Galactic center.) According to these results, BD+30 2431 is clearly a member of the Galactic halo, and is therefore quite likely to be a true hot BHB star. The other stars have more disk-like velocity vectors, with the possible exception of BD+49 2137, so they are most likely not halo stars, but instead belong to one of the disk components of the Galaxy, which complicates the identification of their evolutionary status. As such, they are denoted as "possible HB stars" in Table 2 .
One other hot star, HD 135485, has also been flagged as a "possible HB" candidate. Its metal lines are extremely narrow, implying v sin i < 2 km s −1 , but abundance pattern is that of a metal-rich Pop I disk star, and its space motion suggests disk membership. It shows a slight phosphorus overabundance relative to iron, but no signs of magnesium or helium depletion, so chemical diffusion is probably not active. It lies slightly above the zero-age HB locus in our HR diagram, so it may be in the process of evolving off the HB.
Three other stars with T eff ≃ 10000 K have also been noted as "possibles." Although their positions on the HR diagram appear to agree quite well with the calculated HB locus, other characteristics argue against HB membership. BD+30 2355 is metal-poor ([Fe ii/H]≃ −2.7), as though it were quite old, but it rotates with v sin i = 97.3 km s −1 , and has a heliocentric v r of 1 ± 25 km s −1 , suggesting disk membership. Normally, such fast rotation would be considered "proof" that this not an evolved object, but since anomalously fast rotation is the primary focus of this study, we are reluctant to exclude this star from HB classification on this basis. HD 83751 and BD−07 0230 have disk-like radial velocities and Pop I abundance patterns (with no sign of diffusion variations), but their rotation velocities are small: 26 ± 1 km s −1 and 2 +3 −2 km s −1 , respectively. Both of these stars could be main-sequence A-type, with their polar axes nearly parallel to the line of sight (small sin i), but such alignment is statistically unlikely, and would not explain their position "above" the main sequence. Confirmation of all three stars' low-gravity status, perhaps using spectrophotometry and Balmer line profile fitting, will probably be necessary to pin down their true nature. Table 4 . Space motions of possible hot BHB stars. One other star, HD 203563, lies on the HB locus near 10000 K, but has been disqualified as a BHB star on the basis of its metal line profiles. Both Stetson (1991) and Wilhelm et al. (1999) flag this object as a likely FHB candidate, and our T eff and log g values (derived from Strömgren photometry) would appear to support this assessment. Kinman et al. (2000) describe it as being "broad-lined". Our high-resolution spectra (Figure 6) show that the metal lines are indeed broad, but the line profiles are very much unlike those of any other stars in our sample, with narrow cores and broad wings, qualitatively similar to pressurebroadened Balmer profiles. All absorption lines are readily identified (mostly Fe ii, Ti ii, Cr ii, and Sc ii), although no line core is seen for the Mg ii 4481 lines, only a shallow, broad absorption feature. The Hα, Hβ, and Hγ line shapes appear similar to those of cool BHB stars, although the line centers reach all the way down to zero flux, which is atypical. Because the metal lines are shaped so oddly, we have been unable to run a full spectral synthesis fit, but crude manual synthesis tests suggest that [Fe/H] lies between 0.0 and −1.0 dex, and v sin i < 10 km s −1 . This is certainly not a normal BHB or mainsequence star, but we have been hard-pressed to come up with an alternative identification. The line profiles imply a high-gravity photosphere, but the Tycho parallax for this star (8.7 ± 7.4 mas) indicates that it is not particularly nearby, and its absolute magnitude is therefore too bright for it to be a white dwarf. Another possibility is that HD 203563 is a spectroscopic binary, with two components of similar luminosity -one narrow-lined, one rotationally broadened by ∼ 70 km s −1 -forming a composite line profile that merely appears to be pressure-broadened. However, the two components would have to be very similar in all other photometric parameters, in order to maintain such a similar line profile shape across all the lines, and both components would have to have zero-flux Balmer line cores, so this explanation seems unlikely.
Any stars which lay near the HB locus, but which fell within the range T eff = 6000-7500 K, were considered RR Lyrae variables, even if no photometric or v r variability was known to exist. The rotation velocities of RR Lyraes are of interest (Peterson et al. 1996; Smith et al. 2001) , but this topic lies outside the scope of the current project.
A handful of stars appear well above the HB locus in our HR diagram, and are therefore likely to be post-HB or post-asymptotic giant branch (pAGB) objects. BD+32 2188 was previously flagged as a possible pAGB star by both Mitchell et al. (1998) (who called it SBS10) and Kinman et al. (2000) , and our analysis supports this conclusion. Similarly, HD 105262 has been definitively classified as a metal-poor pAGB supergiant by Reddy et al. (1996) . As discussed by (Bolton & Thomson 1980) , HD 137569 is tricky case, as it appears to have a faint, massive companion, perhaps a white dwarf, which could have influenced its evolution, but it is quite clearly not an HB star. At higher T eff , BD+33 2642 is categorized by Napiwotzki et al. (1994) as the central star of a planetary nebula (CSPN) or a white dwarf, and PG 2345+241 is labeled as a "young Population I object" by Rolleston et al. (1999) , which conflicts with the low gravity that we derive on the basis of Strömgren photometry. We also identify HD 203854 as a pAGB object on the basis of its position in the HR diagram, although it rotates much faster than expected (∼ 200 km s −1 ) for an evolved star. Kun et al. (2000) come to a very different conclusion for this star, identifying it as a possible young early-type dwarf with a dust disk, like Vega or β Pictorus. Further study will be necessary to determine its evolutionary status.
Reliability of v sin i values
Figure 7 compares our stellar v sin i values to those previously reported in the literature by Peterson et al. (1983) , Kinman et al. (2000) , and Carney et al. (2003) . The measurements generally agree quite well, although there are a few discrepant points, particularly in comparison to the Kinman data. In order to plot vertical error bars on all points, we estimate (somewhat arbitrary) errors of 20% for the Carney et al. values , and for the Kinman results (2nd and 3rd columns of their Table 15 ), we adopt errors of ±5 km s −1 , which is the mean difference between their two methods of measuring v sin i. Table 2 and the error bars in Figure 7 represent only the formal random error from the quality-of-fit analysis described in Section 3, so we also need to consider the possible influence of various other factors which could introduce systematic errors in the measurement of rotational broadening. The instrumental profile of the McDonald Cassegrain Echelle does vary as a function of position on the CCD: towards the corners, where the spectrograph camera focus degrades slightly, the instrumental profiles are approximately 10% wider than at CCD center, so the mean instrumental profile used to broaden the synthetic spectra will be ∼ 0.25 km s −1 too wide for some spectral lines, and ∼ 0.25 km s −1 too narrow for others. Since the spectrograph is mounted on the telescope, we might also worry about flexure -slight shifts in the instrument optics during an exposure could smear out the spectrum, making stellar absorption lines appear broader than they actually are. To address this concern, the spectrograph was built with a cantilevered counterweight system, which counteracts the gravitational pull on the main optical elements of the system. We performed several tests during cloudy nights, taking multiple thorium-argon calibration exposures over half-hour intervals as the telescope tracked, and found the wavelength shifts to be of the order of 0.1 pixels, or 0.25 km s −1 , so it appears that the counterweight system is effective in minimizing flexure. There can also be a slight spectral shift during each exposure due to the Earth's rotation, but this is negligible (< 0.1 km s −1 ) compared to other factors.
The error values in
The rotational broadening solution will depend upon the values of ξ, v macro , and the limb darkening parameter β limb used in the spectral synthesis analysis. With increased turbulent broadening, a smaller v sin i is generally needed to match the same line profile. If β limb is increased, then the "wings" of the rotation profile are weakened, and a larger v sin i value is necessary to match the synthetic line profile with an observed profile. Furthermore, the bestfit v sin i value also depends on the accuracy of the continuum normalization. The synthesis fitting routines automatically fit the continuum level on either side of each absorption line, but if the continuum is set too high or too low (due to noise, or weak lines not properly accounted for), then the line will appear too broad or too narrow, respectively.
To estimate the influence of each of these error sources on the final derived v sin i values, we have selected five target stars with small to medium rotation velocities, and repeated the v sin i fitting procedure under various test conditions. Table 5 displays the results of these experiments. The first column lists the v sin i result with all other parameters at their default settings, and then each subsequent column shows the change in best-fit v sin i resulting from changes in the other parameters: ξ increased and decreased by 1 km s −1 (a considerably larger amount than the formal error in ξ for most stars), v macro increased and decreased by 1 km s −1 , limb darkening β limb increased and decreased by 0.1, continuum level raised and lowered by 0.01, and the instrumental profile widened and narrowed by 5%. In all cases, the changes in best-fit v sin i due to these adjustments are smaller than the formal error bars on v sin i, although for some tests, the ∆v sin i is of comparable magnitude. Continuum placement errors appear to be most likely to influence the derived v sin i substantially, but bear in mind that our tests artificially raise and lower the continuum for all lines simultaneously, and the actual continuum fitting errors due to spectral noise will follow a distribution of both positive and negative displacements, such that these errors will tend to cancel each other out. We estimate that all these systematic effects could increase the total errors by approximately 50% in the worst case, so our formal error bars appear to be suitably representative of the sum of all error sources. Figure 8 plots the measured values of v sin i as a function of the derived effective temperature for each star. In the upper panel, the non-HB stars appear to follow the expected distribution of v sin i quite closely -nearly all stars lie below the dashed line, which shows the average v rot for main sequence stars of various spectral types, as quoted by Allen (2000) . One notable exception is HD 203854, the cool low-gravity star with v sin i ≃ 200 km s −1 that was discussed previously.
Trends in rotation velocity
In the lower panel of Figure 8 , we plot the v sin i values for stars identified as HB candidates. We will separately consider three different temperature regimes along the HB locus: the RHB stars with T eff = 4900-5900 K (log T eff = 3.69-3.77), the cool BHB stars with T eff = 7500-11500 K (log T eff = 3.88-4.06), and the hot BHB stars with T eff > 11500 K (log T eff > 4.06). The dividing line between cool and hot BHB stars is chosen to coincide with the location of the photometric "jumps" (Grundahl et al. 1999) found in globular cluster BHB color-magnitude diagrams, which appear to be related to an abrupt change in stellar rotation and abundance characteristics at this threshold temperature.
Among the hot BHB population with T eff > 11500 K, three of the stars have zero or very small rotational broadening, much like the analogous hot HB stars in globular clusters (Behr et al. 2000a; Recio-Blanco et al. 2002) , although the two other hot field stars exhibit substantial rotation, v sin i > 30 km s −1 . All five stars show metal enhancement patterns similar to those seen among hotter BHB stars in globular clusters. These abundance variations are attributed to radiative levitation and chemical diffusion mechanisms (Michaud, Vauclair, & Vauclair 1983; Glaspey et al. 1989) , which can operate only in the absence of convection or other sources of mixing, such as the meridional circulation induced by fast stellar rotation. If a star is rotating faster than some threshold velocity, then the induced circulation currents should prevent the metal enhancements from appearing. On the basis of two hot but metal-poor (unenhanced) BHB stars in M15, Behr et al. (2000b) claimed that this threshold lay at v rot ≃ 10 km s −1 , but recent theoretical calculations by Michaud et al. (2003) suggest that the threshold velocity could be higher. The existence of these two hot stars with metal enhancements and fast rotation would appear to provide further evidence in favor of a higher v rot threshold, if they are indeed BHB stars.
The cool BHB field stars span a wide range of v sin i, as was first discovered by Peterson et al. (1983) , and corroborated by Kinman et al. (2000) . The observed distribution of v sin i values suggests that the underlying distribution of true rotation velocities v rot is roughly bimodal, with a fast population of v rot ≃ 30-35 km s −1 , and a slower population of v rot ≃ 10-15 km s −1 , similar to the bimodal populations found in many globular clusters. We had hoped, with this project, to substantially expand the list of known field BHB stars in this temperature range, in order to better constrain the underlying distribution v rot , and assess its similarities to the bimodal distributions found in globular clusters, but with only five new cool BHB stars added to the sample, we can offer no substantive new insights regarding the v rot distribution for the field population.
With one exception, all of the RHB stars in our sample have v sin i < 10 km s −1 , and there appears to be some correlation between rotation velocity and effective temperature, with hotter stars tending to have higher v sin i. A trend of this sort would be expected even if all these stars had the same total angular momentum, given that stellar mass and radius both decrease rapidly with increasing surface temperature along this part of the HB. (Very crudely, since moment of inertia I ∼ R 2 for a sphere of uniform density, a constant L implies ω ∼ R −2 , and v rot ∼ ωR ∼ R −1 , so hotter stars, having smaller R, should show higher v rot .) Detailed modeling of the internal density structure of these stars (along the lines of Table  1 of Sills & Pinsonneault (2000) ) will be necessary to accurately estimate how moment of inertia varies as a function of position along the HB locus, so that we can see whether these RHB stars all have similar amounts of angular momentum, and determine how the RHB stars compare to the BHB population.
The one outlier among the RHB stars, HD 195636, has a significantly higher projected rotation velocity of ∼ 20 km s −1 , as noted previously by Preston (1997) and Carney et al. (2003) . This star (along with three other RHB stars with v sin i > 10 km s −1 observed by Carney et al., but not in our sample) might represent a fast-rotating population analogous to that seen among the cool BHB stars. Observations of additional RHB stars, both in the field and in globular clusters, will be useful for hunting down the extent and origin of the fast-rotating population. Figure 12a of Kinman et al. (2000) ), and the fastest-rotating RHB star other than HD 195636 also lies near this metallicity. This "peak" in v sin i may be merely a result of small-number statistics, but if a correlation of this sort were actually present, it would provide a vital clue regarding the origin of the fast rotation, so future surveys of BHB rotation velocities should be sure to thoroughly sample the entire range [Fe/H] = −2.5 to −1.0, in order to test the possibility that there is something "special" about [Fe/H] ≃ −1.7.
The presence of fast-rotating cool BHB stars in the field population would seem to argue against the idea that fast rotation is a signature of dense stellar environments, as has been suggested for the fast rotators in globular clusters. Within a cluster, an appreciable fraction of stars might be expected to have had close tidal "fly-by" encounters with other cluster stars, which could impart additional angular momentum to one or both stars. In the halo, however, the probability of such interactions is exceedingly low. It would be difficult to argue that close tidal encounters are responsible for the fast rotation among field HB stars, unless one is willing to accept that many of the "halo" HB stars originated in globular clusters, and were then stripped away by the tidal gravitational influence of the Galaxy. Since the fraction of field BHB stars with fast rotation (∼ 0.3) is comparable to the fraction of fast rotators in some globular clusters (∼ 0.4 for M13 and M68, ∼ 0.3 for M15 and M92), we must tentatively conclude that the surrounding dynamical environment does not influence stellar rotation to any significant degree.
To fully test this hypothesis, we would like to subdivide the FHB stars into many subpopulations, on the basis of metallicity, Galactic position, and full 3-D space motions, so we could then deduce the v rot distribution of each subpopulation separately, and see whether fast rotation can be linked to some other specific stellar property. However, our current sample of confirmed FHB stars is not nearly large enough for such partitioning. An analysis of this sort will have to await a more extensive future v sin i survey, using a large telescope to measure the abundances and line broadening of many hundreds of fainter field HB candidates identified by spectrophotometry (Wilhelm et al. 1999) or multicolor photometry (Yanny et al. 2000) .
Main sequence A-star contaminants
A large fraction of the stars observed during this project turn out to be rather ordinary fast-rotating B and A dwarfs. The selection criteria used to identify target stars were defined quite broadly (so as not to accidentally exclude any interesting or peculiar stars), so it would not be surprising to find that a few "contaminants" (non-evolved Population I stars) had snuck into our target list. However, since many of the catalogs that we used for target selection were designed to find halo stars, it seems mildly puzzling that so many apparently ordinary A and B stars have turned up in our sample. For instance, we expected to find a high fraction of HB candidates among the faint blue high-latitude stars listed by Newell (1973) and Newell & Graham (1976) , especially in light of the "gaps" in the color distribution of these stars (see Figure 1 of both papers), which appeared similar to the gaps found along the HBs of globular clusters. But fewer than half (11 of 27) of the Newell stars that we observed were clearly HB objects, with another 11 stars classified as Population I dwarfs, and the remaining 5 stars marked as pAGB, subgiants, and such. This raises two questions: how did such a large fraction of non-evolved stars enter this sample, and why would gaps appear in the color distribution of such a heterogenous set of stars?
A partial answer to the first question may come from recent studies of early-type dwarfs which are found far from the Galactic plane, as though members of the halo population. Detailed kinematic and abundance analyses, such as those described by Rolleston et al. (1999) and Ramspeck et al. (2001) , suggest that some faint blue high-latitude stars are formed within the disk but then thrown out into the halo by supernova kicks or dynamical encounters within their birth clusters. In our search for HB stars, we seem to have stumbled across several of these "runaway B stars," described in earlier papers: HD 125924 (Quin et al. 1991) , HD 100340 (Ryans et al. 1999) , PG 1205+228 (Conlon et al. 1989 (Conlon et al. , 1990 Saffer et al. 1997) , and Feige 84 (Greenstein & Sargent 1974) . Feige 40 may also belong to this category.
We have also "discovered" three chemically peculiar (CP) A-type stars, which show enhanced abundances of manganese and other selected metals. All three of these stars have been previously identified as being chemically peculiar -HD 214994 (omicron Pegasi) by Adelman (1988) , HD 27295 (53 Tau) by Adelman (1987) , and HD 7374 by Jomaron et al. (1999) -and as expected, all three stars have small rotation velocities compared to the typical main sequence A star.
Conclusion
We have made high-resolution spectroscopic observations of a large sample of brighter (V ≃ 6-11) field stars, in order to identify horizontal branch stars and determine their projected rotation velocities via spectral synthesis fitting. We present v sin i measurements for 45 HB stars, of which 22 have no prior rotation measurement reported in the literature. The bimodal distribution of rotation velocities that we find among field BHB stars is similar to that of globular cluster BHB stars, suggesting that the cluster environment is not responsible for the anomalously fast rotation exhibited by some HB stars. Our field RHB stars do not show any obvious signs of an analogous bimodality in v rot , although the possibility cannot be ruled out, in light of the RHB measurements of Carney et al. (2003) . A few hotter BHB stars exhibit abundance patterns suggestive of radiative levitation of metals and gravitational settling of helium, which may occur even when a star is rotating at v rot ≃ 30 km s −1 .
Future progress towards an understanding of the rotation characteristics of HB stars (and the larger issue of how a low-mass star's angular momentum changes as it evolves) will require larger samples, with good coverage throughout parameter space (T eff , [Fe/H], and (U, V, W ) space motions), so that we can disentangle the potential differences among kinematic populations (disk, halo, and even velocity substructures within the halo), uncover the dependence (if any) with metallicity, and fully map out the underlying distribution of rotation rates of the different populations along the HB locus. Observing a sufficiently large sample of field HB stars at the requisite spectral resolution and S/N ratio will probably entail an extensive program on a 6 to 8-meter class telescope, in order to reach significantly fainter FHB stars (V ∼ 10 − 14) than have been observed to date.
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